To observe point mutational spectra with a high degree of precision, independent large cultures of human lymphoblastoid cells were treated with a mutagen, benzo[alpyrene diol epoxide, and mutants at the HPRT gene were selected en masse by 6-thioguanme resistance. An average of 1.6 X 104 6-thioguanine-resistant mutants were created per experiment and the kinds, positions, and numbers of the most frequent mutations were examined in exon 3 of the HPRT gene by using a high-fidelity polymerase chain reaction and denaturing gradient gel electrophoresis. Sixteen exon 3-spec mutations were found to be predominantly G -
phenotypic selection systems exist.
The determination of point mutational spectra has become a valuable tool in the study of mutagen-specific pathways (1-4), cellular mechanisms for lowering spontaneous mutation rates (5, 6) , the nature of DNA polymerase errors (7, 8) , the causes of human mutation (9) , and the relationship between protein structure and function (10, 11) .
Such spectra have been obtained by treating cell populations with a given mutagen and analyzing each of a series of independently derived mutant colonies. However, the precision of a point mutational spectrum is a function of the number of induced mutants analyzed. To obtain a precision of ±20%o for the induced frequency of a particular mutation, one would require analysis of at least 100 induced mutants for that particular mutant type.
We demonstrate here an approach to observe point mutational spectra of high precision in any selectable gene by growing several large cell cultures under selective conditions (12) , amplifying the desired sequences using a PCR (13, 14) with a sufficiently high degree of fidelity (8) , and separating mutant sequences from nonmutant sequences by denaturing gradient gel electrophoresis (DGGE) (15) . The most frequent mutants are isolated and sequenced to determine the kinds and positions of hot-spot mutations (8, 16) .
To discover the degree of validity and sensitivity of this approach, we have chosen to study the mutational spectra induced by the racemic mixture of benzola]pyrene 7,8-diol-9,10-epoxides (BPDE), metabolites of the ubiquitous environmental pollutant benzo [a] pyrene. Mutants induced by this mixture have been studied using clone-by-clone techniques in bacteria (17) , rodent cells (18, 19) , vector-carried genes replicating in human cells (20) , and, most recently, the endogenous HPRT gene in human fibroblasts (21, 22) . The mutational spectrum we observe may thus be compared to the qualitative outcomes and statistical precision of prior studies.
MATERIALS AND METHODS
Materials. anti-benzo[a]pyrene-7,8-dihydrodiol-9,10-oxider-7,t-8-dihydroxy-t-9,10-epoxy-7,8,9,10-tetrahydrobenzo[alpyrene racemate was purchased from Midwest Research Institute (Kansas City, MO). 6-Thioguanine (6TG) was obtained from Sigma. 2'-Deoxynucleoside 5Y-triphosphates (each as a 100 mM solution) were obtained from Pharmacia. The oligonucleotides (Synthetic Genetics, San Diego) used as primers for PCRs were as follows: P1, 5'-CATATAT-TAAATATACTCAC-3'; P2, 5'-TCCTGATTTTATTTCTG-TAG-3'; P3, 5'-GACTGAACGTCTTGCTCGAG-3'; P4, 5'-T-CCAGCAGGTCAGCAAA-3'; G:C-clamp-P2, 5'-GCCGC-CTGCAGCCCGCGCCCCCCGTGCCCCCGCCCCGCCGC-CGGCCCGGGCGCCTCCTGATTTTATTTCTGTAG-3'.
Cell Culture, BPDE Treatment, and 6TG Selection. Cell cultures, BPDE treatment, and 6TG selection were carried out by Gentest (Woburn, MA). Human male lymphoblastoid cells, line TK6 (23), were grown in stock spinner cultures and diluted daily from 12 x 10W to 4 x 105 cells per ml and, prior to treatment with BPDE, in antiselective medium to reduce the background ofpreexisting HPRT-mutant cells. The cells were exposed to BPDE while in exponential growth in 600-ml spinner cultures at 4 x 105 cells per ml. Two cultures were treated at 40 ng/ml and two were treated at 60 ng/ml, for 1 hr. In addition, two sister cultures, each containing 4 x 107 cells, were carried as untreated controls. Survival and the fractions of 6TG-resistant (6TGR) cells were determined as described (24) and analyzed as in Leong et al. (25) . Six days after BPDE treatment, 6TG at 1 ;kg/ml was added to each culture. Exponential growth of the 6TGR cells was observed by particle counting after 9 days, and the cells were harvested for DNA analysis.
Analysis of 6TGR Mutants. HPRT exon 3 was amplified from genomic DNA isolated from the 6TGR cells using the pairs of primers as described in Figs. 1 and 2 and high-fidelity modified 17 DNA polymerase (8) . The conditions for preparation of denaturing gradient gels, for separation of mutant sequences from the wild type as mutant/wild-type heteroduplexes by DGGE, and for sequence analysis have been reported (8, 16, 26) . (8) . Any point mutation occurring within the 104-bp low-temperaturemelting domain of exon 3 can be detected since the hightemperature-melting domain serves as a "clamp" allowing the molecule to acquire partially melted structure and to focus at specific position of the gel (15) . To detect mutations occurring in the remaining 80-bp high-temperature-melting domain by DGGE, an artificial higher-temperature-melting domain was first added during a second amplification step using a primer carrying a short nonmonotonous G+C-rich sequence as a clamp (16, 26, 27) .
For analysis by DGGE, the PCR products containing either the 80-bp high-temperature-or the 104-bp low-temperaturemelting domain were boiled and reannealed. In this manner each fragment containing a mutation in the low-temperaturemelting domain was induced to form two mutant/wild-type heteroduplexes with the excess of wild-type sequence present. These latter heteroduplexes were in turn separated from the excess of wild-type homoduplex and, in general, from each other by DGGE (16, 26) .
Results of DGGE analysis of mutations in the 80-bp high-temperature-melting domain of exon 3 are shown in Fig.  1 . The lane numbers correspond to the experiments of Table  1 . In each lane, a series of bands appeared that were putatively mutant/wild-type heteroduplexes. Lanes 2 and 5 represent DNA from 6TG-selected untreated cultures showing the background exon 3 mutants present at low frequency in our stock cultures. Lanes 3 and 6 show DNA from cultures treated with BPDE at 40 ng/ml and lanes 4 and 7 represent DNA from cultures treated at 60 ng/ml. Lane unselected cells (lane 1) nor in the 6TG-selected untreated cultures (lanes 2 and 5). The four BPDE-treated cultures showed remarkably similar patterns of bands at both 40 ng/ml (lanes 3 and 6) and 60 ng/ml (lanes 4 and 7). Subsequent characterization of the individual bands showed that 10 of the 13 BPDE-induced bands (indicated by arrows in lane 7) contained a single mutant/wild-type heteroduplex. Two bands designated d1-el and e2-i2 were found to contain two heteroduplexes, whereas another, designated a1-cj-f1-g1-ij-jj, contained six heteroduplexes. Each pair of letters (a, and a2, b, and b2, to ji and j2) represents the two respective mutant/ wild-type heteroduplexes corresponding to the mutant homoduplexes designated a, b, . .. , j, respectively (see Fig.  4A ).
Results of DGGE analysis of mutations for the 104-bp low-temperature-melting domain for these same experiments are displayed in Fig. 2 . By comparison with the amplification noise (lane 1), one of the two 6TG-selected untreated cultures (lanes 2 and 5) contained an additional doublet of bands 7) . WT, wild-type homoduplex. The pairs k, and k2 to Pi and p2 designated the two mutant/wild-type heteroduplexes originated from the mutant homoduplexes k-p (see Fig. 4 ).
(indicated by lines in lane 2) representing a low frequency of background mutants in the stock cultures. After BPDE exposure, a series of additional bands appeared in cultures treated at 40 ng/ml (lanes 3 and 6) and 60 ng/ml (lanes 4 and 7). Only three bands designated ml, 11-m2, and 12 were clearly visible in all four cultures, whereas the others were visible in only one (bands nl, n2, 01, 02, Pl, and P2) or two (bands k, and k2) cultures (see Fig. 4B ).
Tests for Bias. Before measuring the intensity of each visible band shown in Figs. 1 (Fig. 3) , we observed no change in the relative intensity of any band seen in Figs. 1 (8, 26) and illustrated in Fig. 4 .
A total of 16 mutations were found in the 184-bp exon 3 sequence among the four BPDE-treated cultures. These included 10 mutations in the 80-bp high-temperature-melting (Fig. 4A , mutations a-j) and 6 mutations in the 104-bp low-temperature-melting (Fig. 4B, mutations k-p) Fig. 2, lanes 3 and 4, respectively. In A, the DNA analyzed was from BPDE-treated cells grown in the presence of 6TG for 20 or 30 generations as indicated. In B, the DNA was isolated from 6TGR BPDE-treated cells ofexperiments shown in Fig. 2, lanes 3 temperature-melting (Fig. 4A , mutations con.1 and con.2) and one mutation in the low-temperature-melting (Fig. 4B , mutation con.3) domains.
Of the 16 mutations found in BPDE-treated cultures, 12
were detected in all four cultures (Table 2 ; mutations a-j, 1, and m). Ten of these mutations involved a G-C base pair, including seven G --T transversions (mutations a-d, f, g, and i), a G -* A transition (mutation e), a G -PC transversion (mutation h), and a single G*C deletion (mutation j). Furthermore, 6 of these mutations (mutations e-j) occurred within the sequence 5'-GGGGGG-3' (see Table 2 ). Two other mutations occurred within two consecutive adenines and resulted in an A --T transversion (mutation 1) or a deletion of one of the A-T base pairs (mutation m). Four mutations were found in only one or two BPDEtreated cultures, a G -* T transversion (mutation k), a single G-C deletion (mutation n), and two mutations involving a conversion of the sequence AG to either a cytosine (mutation o) or a thymine (mutation p). Figs. 1 and 2 was isolated from the gel and further characterized as described (8, 26 None of these mutations are part of the spontaneous mutational spectrum for this cell line and sequence (29) or of the modified T7 DNA polymerase mutational spectrum for this sequence (ref. 8 and unpublished data).
DISCUSSION
The combination of selection of large numbers of induced mutants en masse, high-fidelity PCR, and DGGE has permitted us to determine the kinds, positions, and frequencies of the predominant mutations induced by BPDE in exon 3 of the HPRT gene in human cells. By using this protocol, the descendents of an average of 16,500 initial surviving mutants induced by BPDE in each of the four cultures were selected en masse by 6TG resistance and analyzed (see Table 1 ). The (2) .
The 95% confidence limit of the mutant fraction was calculated for each of the 16 mutants identified by using the method of Leong et al. (25) . For mutants detected with a mean mutant fraction of 1% of the total 6TGR population, the expected 95% confidence limits were estimated to be 0.8% and 1.2%. For frequencies lower than our present limit of detection of 0.2%. However, they might also reflect differences in mutational paths of human fibroblasts versus lymphoblasts.
These data obtained from cells of several species indicate that there is a remarkable conservation of local sequence specificity for mutations induced by BPDE suggesting a common mechanism of most probable mutational pathways. The protocol described in this study has permitted us to observe mutational spectra of several other mutagens. However, the precision of the experiments was sufficient to allow the determination that the relative frequencies of the latter two mutations were significantly different when induced by MNNG as opposed to UV irradiation.
These data show that each of the four mutagens induced a set of hot spots in exon 3 specific with regard to their kind and frequency. This is consistent with the observations of Benzer and Freese (1) and Coulondre and Miller (2) who found reproducible nonrandom spectra when the number of mutations studied was large enough to permit statistical analysis of the mutant frequency as a function of DNA sequence. We believe that the protocol described herein can be a useful tool to observe mutational spectra bearing a high degree of statistical precision. The method appears to be applicable to any cell system and any DNA sequence for which means exists to phenotypically select for genotypic variants.
